Objectives: To measure and compare microvascular responses within the skin of the upper arm to local stimuli, such as heating or rubbing, through the use of optical coherence tomography angiography (OCTA), and to investigate its impact on blood volume collection. Materials and Methods: With the use of heat packs or rubbing, local stimulation was applied to the skin of either the left or right upper arm. Data from the stimulated sites were obtained using OCTA comparing pre-and poststimulation microvascular parameters, such as vessel density, mean vessel diameter, and mean avascular pore size. Additionally, blood was collected using a newly designed collection device and volume was recorded to evaluate the effect of the skin stimulation. Results: Nineteen subjects were recruited for local stimulation study (including rubbing and heating) and 21 subjects for blood drawn study. Of these subjects, 14 agreed to participate in both studies. OCTA was successful in monitoring and measuring minute changes in the microvasculature of the stimulated skin. Compared to baseline, significant changes after local heating and rubbing were respectively found in vessel density (16% [P ¼ 0.0004] and 33% [P < 0.0001] increase), mean vessel diameter (14% and 11% increase) and mean avascular pore size (5% [P ¼ 0.0068] and 8% [P ¼ 0.0005] decrease) after stimulations. A gradual recovery was recorded for each parameter, with no difference being measured after 30 minutes. Blood collection volumes significantly increased after stimulations of heating (48% increase; P ¼ 0.049) and rubbing (78% increase; P ¼ 0.048). Significant correlations were found between blood volume and microvascular parameters except mean avascular pore size under the heating condition. Conclusions: OCTA can provide important information regarding microvascular adaptations to local stimuli. With that, both heating and rubbing of the skin have positive effects on blood collection capacity, with rubbing having the most significant effect. Lasers Surg. Med. 50:908-916, 2018.
INTRODUCTION
Blood collection for the purposes of carrying out diagnostic tests is a crucial element in providing modern healthcare. The composition of blood provides a wealth of reliable information concerning a patient's health; for example, the levels of specific biomarkers may be used to indicate the presence of underlying diseases including cancer [1, 2] , multi-analyte panel tests for enzyme, metabolite, electrolyte, lipid, hormone, or vitamin levels provide information concerning the function of an organ or system [3] , and blood cell counts could be used for the detection of a number of disorders, including anemia or infection [4, 5] . Advancements in the sensitivity of laboratory diagnostic testing has greatly expanded the catalog of tests that can be done with small volumes of blood obtained from capillary skin puncture [6, 7] . With refinement and efficiency in mind, blood collection from the skin's microcirculation has recently become a prevalent topic, with an emphasis being placed on improving conventional methods, particularly in increasing the volume of blood collected and reducing user error rates. Tasso, Inc. has developed a capillary blood collection device that simplifies the blood collection process to the push of a button using open microfluidic technology [8] . Logic would suggest that combining the effects of this improved collection device with local microvascular stimulation may have a synergistic effect on the volume of blood collected. To investigate if this collective approach is feasible, however, an appropriate imaging tool is required.
Optical coherence tomography (OCT) is a relatively new, non-invasive imaging modality based on optical lowcoherence interferometry, which can provide real time, high-resolution, three-dimensional (3D) images of in vivo tissue structures [9, 10] . Optical microangiography (OMAG), an important functional extension of OCT, is a technique that provides visualizations of the microvasculature by detecting changes in OCT signals caused by flowing red blood cells [11] [12] [13] . Here, OCT technology combined with OMAG scanning protocol and processing constitutes OCT-angiography (OCTA). In recent years, OCTA has been successfully applied to human dermatological studies as an instrument for examining the capillaries of the healthy fingernail cuticle [14, 15] , vascular abnormalities associated with psoriasis [16, 17] , the inflammatory response [18] , and the healing process induced by acne [19] .
The purpose of this study is to use OCTA to assess and compare microvascular responses within the skin of the upper arm induced by two distinct stimuli, local heating and rubbing, and to then correlate these findings with blood collection volumes using a capillary blood collection device. To the best of our knowledge, this is the first study investigating the possible relationship between dermal microvasculature and blood volume through the use of OCTA and microcirculatory blood collection. This study demonstrates one of the many applications of OCTA in clinical research and provides practical insights in to the potential use of skin stimulation for augmented blood collection.
METHODS

Subject Volunteers
The OCTA study was approved by the Institutional Review Board of the University of Washington (IRB # 52344). The blood collection study was approved by the Institutional Review Board at Schulman IRB under protocol SAIRB-14-0019. Our healthy volunteers were all older than 18 years of age and had no history of medical issues in the regions intended for use in this study. Exclusion criteria included any clinical evidence or history of skin disease, wound, nevus, birthmark, or tattoo on the regions of interest. Written informed consent was obtained from all volunteers prior to conducting the experiment. The study followed the tenets of the Declaration of Helsinki.
Nineteen subjects (31.1 AE 7.2 years old, range 22-52 years old) took part in OCT scanning, of which 12 were male and 7 were female. Eight of the nineteen subjects had heat applied to the left arm and rubbing applied to the right. The remaining subjects were reversed. Twenty-one subjects (31.0 AE 8.2 years old, range 22-62 years old) had blood drawn, 14 of which (30.0 AE 4.8 years old, range 22-38 years old) took part in both scanning and blood volume elements of the study. Of the 21 subjects who had blood drawn, 20 had blood drawn under heating and rubbing conditions, with only 1 being unable to assess rubbing ( Table 1) .
Stimulation of the Skin
Each subject had one arm randomly selected to receive heat stimulation, while the other received rubbing stimulation. For heating, the skin on the dorsal side of the upper arm was covered with a heat pack heated to 408C for 2 minutes. For rubbing, each subject used his/her hand on the opposite side of that being tested to rub the skin on the dorsal side of the upper arm being tested for 1 minute. In the interest of consistency, the rubbing strength of each volunteer was tested by an experienced examiner prior to application.
OCTA System Configuration, Scanning Protocol, and Image Acquisition A fiber-based swept source-OCTA (SS-OCTA) system was used for this study, in which a 200 kHz vertical-cavity surface-emitting (VCSEL) swept laser source (Thorlabs, Inc., NJ) was employed as the light source, with a central wavelength of 1310 nm and a bandwidth of 70 nm that provided an $11 mm axial resolution in air ($8.2 mm in tissue when the refractive index of tissue is taken the same as water of 1.34 [20] ). In the sample arm, a 5X scan lens (Thorlabs, Inc.) was used to achieve a lateral resolution of $15 mm. System setup was similar to that described in [21] . A handheld probe, designed for dermatological applications, with a sample spacer to maintain a fixed distance between the lens and skin, was adopted for easy use with the skin of the upper arm.
All volunteers were required to lie on a clinical bed as microvascular images were acquired by the SS-OCTA system. Measurements were taken at the following time Skin surface temperatures were taken of the scan site before and after each OCTA scan using an infrared thermometer to ensure our scanning protocol was not introducing false positive results. Each subject completed OCTA imaging after both heating and rubbing stimulation on the same day. Before scanning, a square outline was marked on the skin with temporary ink, to ensure that each scan was located to sub-millimeter accuracy. The probe was held gently in contact with the skin and a drop of glycerin (50% v/v with dH 2 O) was added as the refractive index matching medium to facilitate OCT beam penetration and minimize specular reflection artifacts [22] . The OCT beam was primarily focused at $150 mm below the skin surface for optimal subsurface imaging of the vascular network in the dermis layer. The OCTA scanning protocol first generated a reflectivity profile for a line in depth on the skin, that is, A-scan. Multiple A-scans traverses along fast axis forms a cross-sectional slice of the skin, that is, B-frame. Multiple B-frames were then generated along a perpendicular axis, that is, slow axis, to generate a 3D volumetric dataset, that is, C-scan. Here, each OCTA scan covered a field of view (FoV) of 9 Â 9 mm with sampling spacing of 11.25 mm between adjacent A-lines and 11.25 mm between adjacent B-frames. Each B-frame (fast axis) consisted of 800 Alines. A duty circle of approximately 71% provided a Bframe rate of 178 fps. Each C-scan (slow axis) consisted of 800 B-frame locations, with each location requiring four repeated B-scans to contrast blood flow from static tissue [23, 24] , with phase-stabilized complex-signal based OMAG processing [21] . Each 3D volume required approximately 18 seconds with each volume being repeated five times within a single OCTA scan.
Blood Collection
Blood collection following stimulation was carried out on each volunteer on two separate occasions using a recently developed capillary blood collection device called the HemoLink (Tasso Inc, Seattle, WA). On the first of two visits, one arm was randomly assigned as the control (no stimulation), while the other was stimulated via heating or rubbing. On the second of two visits, one arm was again randomly assigned as the control, while the other was treated with a different stimulation to the first visit. A minimum of 6 days was allocated between each visit to allow for complete healing of the collection sites. Prior to collection, the skin application site was cleaned with an alcohol wipe and allowed to air dry. The device was placed on the skin and the button pressed, resulting in four small lancets piercing the skin and automatically retracting, followed by a slight vacuum-assisted blood draw using open microfluidics directly into a detachable collection tube for a duration of 3 minutes. The device was removed from the skin and the tube was capped and set aside to measure volume and hemolysis.
Data Analysis
Microvascular measurements. An automated segmentation program was used to remove the epidermis layer and separate the remaining whole dermis layer into two layers [25, 26] . Using structural images, the boundary between the epidermis and dermis layers were determined through the detection of peak OCT signal intensity values. As shown in Figure 1B and C, the uppermost dashed line is considered the interface between the epidermis and dermis layers. This interface was then lowered 230 mm, that is, the second dashed line, and 1,100 mm, that is, the third dashed line, based on visual interpretations, to assign boundaries to the papillary dermis (between the first and second dashed lines) and the reticular dermis (between the second and third dashed lines). The boundaries were applied to the vascular OCTA volume datasets to complete automatic segmentation and produce en face projected vascular images of papillary dermis layer and reticular dermis layer through maximum intensity projection (MIP) (inserts in Fig. 1C) .
Three parameters were used to quantify vascular adaptations within the en face projected images: vessel density, mean vessel diameter, and mean avascular pore size. Taking the reticular dermis layer (Fig. 1D) as an example, first, the en face images were binarized using a Gaussian filter, Hessian filter, and adaptive thresholding [27] resulting in white pixels representing the area of vessels and black pixels representing the avascular area (Fig. 1E) . Vessel density is defined as the percentage of the area occupied by vessels in the image [28, 29] . Second, a skeletonized vessel map was created, where every vessel, regardless of size or diameter, is represented by a single pixel line. The mean vessel diameter was calculated by multiplying the ratio of the vessel density to the vessel skeleton density with the pixel size. Since OCTA detects blood flow signals, measured diameters refer to internal vessel diameters [28, 29] . Third, the binarized en face images (Fig. 1E) were reversed so the white pixels represent the avascular area and the black pixels represent the vessels (Fig. 1F) . Each avascular area was considered a connected domain and resembles an island separated by vessels. Morphology opening operation was used to remove small (less than 50 pixels) avascular area. The mean avascular pore size is defined as the average diameter of the maximum inscribed circle of each avascular area (Fig. 1F) .
Blood volume. The blood volume collected from each subject pre-(control) and post-stimulation were quantified using a reversed pipetting technique. Simply, with the pipette volume set to zero, the pipette tip was inserted into the blood. The pipette volume dial was then increased creating a vacuum that drew the blood from the measuring tube into the pipette tip. Once the full volume of blood was drawn into the pipette tip, the volume dial indicated the volume of blood drawn.
Hemolysis measurement. The blood sample was centrifuged at 1,000g for 10 minutes to separate the plasma component of the blood. Hemolysis was assessed using direct spectrophotometry of the plasma with the Harboe Method with an Allen correction [30] . This method uses hemoglobin absorbance at A 415 and corrects for bilirubin, which has a peak absorbance at A 450 , and triglycerides, which has a peak absorbance at Statistic analysis. Statistical analyses were performed with JMP software (Pro 10.0.0, SAS Institute Inc., NC) and Prism software (GraphPad v6.07, La Jolla, CA). Data are presented as mean AE standard error (SEM). Paired t-tests were used to compare baseline and stimulated values of vessel density, mean vessel diameter and mean avascular pore size over time. Paired t-tests were again used to compare control and blood volumes following stimulation, and paired assessment of % change post-stimulation is represented by % change compared to control. A P-value 0.05 was considered statistically significant. In graphic representations, level of significance is shown on four levels:
Ã represents P 0.05, ÃÃ represents P Ã 0.01, ÃÃÃ represents P 0.001, and ÃÃÃÃ represents P 0.0001.
RESULTS
OCTA Imaging of the Skin Pre-and Post-Stimulation
A total of 19 subjects were assessed using OCTA in this study. Figure 2 shows the MIP en face images of the whole dermis of the skin under heating (2A) and rubbing (2B) conditions over 5-time points, where depth-specific color coding was applied, vessels range from yellow being superficial to blue being deep. This example was taken from a healthy 27-year-old woman. Superficial vascular parameters, such as vessel density and vessel diameter, are seen to increase from baseline to T0 under both conditions, which can then be seen to normalize over the following time points, as indicated by the number of visible superficial (yellow) vessels. This response to stimulation appeared most prevalent when rubbing was used as the stimulant. Both conditions are comparable to their corresponding baseline images at T30, indicating a return to their prestimulated states. 
Quantitative Measurements of Vascular Parameters
Quantifications for left and right upper arm at baseline (control) were first studied, as shown in Table 2 . Paired t-tests showed there is no statistic significant difference for vessel density (P ¼ 0.3148), mean vessel diameter (p ¼ 0.1853), and mean avascular pore size (P ¼ 0.7959) between the left and right upper arm.
Whole dermis. Changes in vessel density pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3A . A significant increase in vessel density from baseline was evident immediately after stimulation (T0) for both heating (0.422 AE 0.040 to 0.491 AE 0.069, P ¼ 0.0004) and rubbing (0.414 AE 0.044 to 0.545 AE 0.088, P < 0.0001), with a more significant increase being recorded under rubbing conditions (P ¼ 0.0046). These measurements corroborate visual interpretations. A gradual recovery was recorded for each condition thereafter, with no difference being measured between each condition by T30, again corroborating visual interpretations.
Changes to mean vessel diameter values pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3B . A significant increase from baseline mean vessel diameter values was found under both conditions up to T10. Additionally, at T0, mean vessel diameter measurements differed significantly between heating and rubbing conditions with heating inducing the most significant response (P ¼ 0.0074). Furthermore, heating prompted an immediate response with augmented mean vessel diameter measurements peaking at T0 (63.6 AE 5.3 mm), while rubbing prompted a delayed response with augmented mean vessel diameter measurements peaking at T10 (61.5 AE 5.1 mm).
Changes in mean avascular pore size pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3C . Here, rubbing provoked an immediate response with a significant decrease in mean avascular pore size being measured at T0 (180.4 AE 8.8 to 165.6 AE 19.6 mm, P ¼ 0.0068). Heating, however, provoked a delayed response with a significant decrease in mean vascular pore size not becoming apparent until T5 (181.4 AE 7.7 to 172.1 AE 9.2 mm, P ¼ 0.0005). For both stimulated conditions, mean avascular pore size recovered to nearbaseline values by T30.
Papillary dermis. Segmentation of the OCT volume scans was carried out separating the vasculature of the papillary dermis ($230 mm in depth) from the whole dermis. Three previously mentioned vascular parameters were measured over five previously mentioned time points, as shown in Figure 3 . Changes in vessel density pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3A . Here, rubbing appeared to induce an immediate response with vessel density significantly increasing from baseline at T0 (0.250 AE 0.026 to 0.330 AE 0.077, P ¼ 0.0004). Heating, however, saw a delayed response with a significant increase in vessel density from baseline not becoming apparent until T5 (0.254 AE 0.028 to 0.292 AE 0.042, P ¼ 0.0004). Both conditions returned to near-baseline values by T30. Changes in mean vessel diameter values pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3B . Mean vessel diameter values increased from baseline under both heating and rubbing conditions at T0 (34.3 AE 3.0 to 36.4 AE 2.8 mm, P < 0.0001; and 33.4 AE 1.6 to 35.2 AE 2.4 mm, P < 0.0001, respectively), with heat appearing to induce the more significant response (P ¼ 0.0258). The response to heating also dissipated quicker than that of rubbing (T10 and T30, respectively).
Changes in mean avascular pore size pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3C . Here, rubbing was the only condition to stimulate a response, decreasing avascular pore size from baseline at T0 (187.4 AE 13.4 to 172.8 AE 16.2 mm, P ¼ 0.0012).
Reticular dermis. Similar to section 3.2.2, segmentation of the OCT volume scans was carried out to separate the vasculature of the reticular dermis (230-1,100 mm in depth) from the whole dermis. The same three vascular parameters were measured over the same 5 time points, as also shown in Figure 3 . Changes in vessel density pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3A . Here, both heating and rubbing conditions increased vessel density from baseline at T0 (0.305 AE 0.038 to 0.376 AE 0.053, P < 0.0001; and 0.311 AE 0.048 to 0.390 AE 0.057, P < 0.0001, respectively) with heating also appearing to return to baseline values quicker.
Changes in mean vessel diameter values pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3B . Heating was the first to augment mean vessel diameter values from baseline at T0 (85.3 AE 2.8 to 87.6 AE 2.8 mm, P < 0.0001), with rubbing not increasing mean vessel diameter values from baseline until T10 (85.4 AE 2.7 to 86.5 AE 2.3 mm, P ¼ 0.0036). The response to heating also normalized quicker compared to that of rubbing.
Changes in mean avascular pore size pre-(baseline) and post-(T0-T30) stimulation are shown in Figure 3C . Both heating and rubbing stimulated a decrease in mean avascular pore size from baseline at T0 (313.4 AE 25.4 to 287.0 AE 36.2 mm, P ¼ 0.0001; and 312.6 AE 43.0 to 270.6 AE 41.6 mm, P < 0.0001, respectively). Rubbing also induced the greatest response at that time (P ¼ 0.0177). 
Blood Volume
Twenty-one subject volunteers were enrolled in the blood collection element of this study with just 1 of the 21 being unable to contribute to the assessment of rubbing. Figure 4A schematically illustrates the blood collection site. Figure 4B shows the changes in blood volumes collected after each stimulation. Both stimulations significantly increased blood collection capacities. Heating increased the blood volumes collected by 87.6 AE 21.5%, P ¼ 0.0013, while rubbing increased blood volumes collected by 311.6 AE 143.6%, P ¼ 0.0464. To determine if the skin pre-treatment had an effect on the quality of the blood sample, we measured the hemolysis of each sample, giving that the average control hemolysis level (0.6683 AE 0.0635 mg/L) was significantly reduced with heating to 0.4414 AE 0.0760, P ¼ 0.0281 (Fig. 4C) . While this level was reduced with rubbing, the significance was not observed.
DISCUSSION
Visualization of the skin vasculature and quantification of specific parameters pertinent to local stimulation response were carried out in this study with unrivaled detail through the use of OCTA. Immediately after heating, whole dermis vessel density and mean vessel diameter increased by approximately 16% and 14%, respectively ( Fig. 3A and B) , suggesting the dense microvasculature observed visually is likely due to vasodilation, a natural response of the skin microvasculature to curb overheating and encourage heat loss [31, 32] . Similarly, rubbing induced adaptations within all three parameters measured. Vessel density, for example, increased by 33% (Fig. 3A) , approximately twice that of heating, mean vessel diameter by 11% (Fig. 3B) , and mean avascular pore size by a 9% decrease (Fig. 3C ). These observations suggest the denser microvasculature noted post-stimulation via rubbing was likely due to vasodilation and an increased number of active blood vessels. Reasoning for this can be seen with the increased vessel density, which may be interpreted as the detection of reserve blood vessels having been functionally activated to increase blood supply upon mechanical stimulation [31] ; thus, resulting in a denser microvasculature and reduced mean avascular pore size. Overall, the immediate effect on studied parameters postrubbing was significantly greater than heating, with the exception of mean vessel diameter, as shown in Figure 3A -C. Analyses of the papillary and reticular dermis as separate layers provided additional insights. Broadly, both stimuli appear to have had a more significant impact on the deeper vessels of the reticular dermis with the same vessels also appearing to take longer to recover when compared to those of the papillary dermis (Fig. 3) . More specifically, however, in the papillary dermis, heating induced an immediate increase in mean vessel diameter measurements only, while rubbing induced an immediate response in all three parameters measured, suggesting the papillary dermis is more receptive to mechanical stimulation, rubbing in this case. Furthermore, in the reticular dermis, while vessel density increased equally under both conditions, heating had a significantly greater influence over mean vessel diameter and rubbing had a significantly greater influence over mean avascular pore size. The collected mean avascular pore diameters of the papillary dermis were smaller and closer to the lancet diameter, compared to the reticular dermis, as shown in Figure 3C . We hypothesized that the smaller mean avascular pore diameter is one of the factors leading to a higher likelihood of the lancet penetrating a vessel, resulting in collecting higher volumes of blood. Previously published literature has suggested that heat augments blood collection capabilities [33] , and while our data corroborates these findings, we can also add that rubbing produces a greater volume yield compared to heating (Fig. 4) . These data suggest that not only can specific vascular parameters be used to estimate blood collection volumes, but that OCTA has the scope to accurately measure the said parameters. Although uncommon, the topical application of glycerin is known on occasion to cause irritation to sensitive skin. While such irritated skin could contain additional variances in vessel density and vessel diameter measurements, this is not thought to be an issue here because the same glycerin solution was applied onto each subject during imaging.
CONCLUSIONS
This current study demonstrates the potential of OCTA as a promising non-invasive imaging technique for revealing, both qualitatively and quantitatively, microvascular responses under controlled conditions. OCTA imaging successfully visualized and quantified adaptations to vessel density, mean vessel diameter and mean avascular pore size in the skin of the upper arm under conditions of heating and rubbing. Both stimuli were seen to prompt adjustments within dermal microvasculature and to have a positive effect on blood collection capacity, with rubbing having the greater effect. This method could be integrated into blood collection protocols alongside refined capillary blood collection devices to promote efficacious, yet pain and stress free, blood collections.
